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INTRODUCTION
in 1943 presented two classic articles on the study of wound ballistics that include experiments with bullets on pigs, goats, clay, and tin cans filled with water. Conclusions of these extensive efforts indicate that the factors of wound production are shape, weight, and velocity of the missile; density and character of the tissue; and direction and rate of transmission of energy. DeMuth states that susceptibility to injury is proportional to the specific gravity of the tissue involved and that muscle and bone are, therefore, especially prone to injury, whereas lung, a low density tissue, has considerable resistance. He notes that structures with a high elastic tissue content tend to resist injury, e.g., lung, skin, and blood vessels. Especially vulnerable are liver, spleen, and kidneys which may be literally shattered by bullets with only modest velocities. DeMuth ' ' gives a description of wounding related to velocity and bullet design, and presents an excellent rtview of f he physical forces involved in the wounding mechanism.
Garrick states that low-velocity bullets often cause comminuted fractures of long bones but the degree of comminution does not approach that seen with high-velocity bullets. Herget° notes that the explosive effects of the temporary cavity greatly accentuates the wounding potential of high velocity missiles. The missile transfers energy to the tissues within microseconds after impact and tissues along the wound tract expand laterally forming a cavity with high internal pressures and shock waves as high as 1500 psi.
Throughout these discussions of wounding mechanisms, it is emphasized that the significant factor in extent of injury is the amount of kinetic energy imparted to the tissue by the missile. Kinetic energy is derived by the formula, KE -Vt mass x velocity 1 , and it can be seen that if missile weight is doubled the energy is doubled, whereas if impact velocity is doubled the energy is quadrupled. There are also proponents of a "power" theory wherein power = mass x velocity-' and here velocity plays an even more important role than in the kinetic energy equation. In either event, missile velocity is a significant determinant of extent of damage. These observations and theories by several investigators confirm that there are gaps in our knowledge of wounding by high velocity missiles. This laboratory has historically had an 'nterest in personnel protection which, combined with a current need for a computer casualty model has led to several investigations. The first of these was a study attempting to delineate by gross and histologic techniques the extent of the temporary cavity in skin and muscle resulting from perforating missiles at various velocities. Secondly, there are a number of references to an explosive effect of high velocity missiles, both in tissue and in gelatin blocks. We propose that a specific tissue is capable of absorbing an amount of energy that is dependent on the physical characteristics of that tissue, and if that amount of energy is exceeded, an explosive effect occurs and the tissue no longer retains its gross anatomic integrity. Preliminary exploratory efforts have, therefore, been conducted into defining this "explosive threshold" for muscle and liver tissue.
MATERIALS AND METHODS
Pigs of a sufficient body size (130-150 lbs) to afford a thigh muscle mass comparable to man were utilized. A pre-anesthetic dosage of ketamine hydrochloiide at a rate of 7-10 mg/kg of body weight was injected intramuscularly in the shoulder. General anesthesia, with sodium thiamylal in a 4'/1> acqueous solution was administered intravenously (ear vein) in quantities sufficient to maintain the animal in deep surgical anesthesia. The animal was placed on a v-shaped board on its back and a rear limb was -uspended from a horizontal bar above the animal.
A barrel with a smooth bore of 7.62 mm diameter was rigidly bolted to a mount frame which could be moved at will. The projectile fired from the barrel was a 6.35 mm grade No. 25 chrome-plated steel ball with a weight of 16 grains (1.036 gm). The steel spheres were mounted in a phenolic resin sabot, measuring 7.62 mm plus 0.000 minus 0.001. As the sabot left the barrel, it shattered; therefore, a steel plate deflector was placed 10 cm from the end of the barrel with an aperture of 1 cm to allow the sphere to pass through but retain the resin particles. Two sets of ballistic screens were utilized to determine the missile velocity (Fig. 1) Immediately following euthanasia of the pig, the liver was removed intact and placed in a plastic bag (polyethylene, 0.005 in thick). This bag was suspended by three points to insure stability and prevent rotation. The thickest point on the bag was selected as the target and was measured for tract length. Using the same scheme as depicted for muscle, the livers were fired upon at several velocities (413-1129 m/sec). Following the shot, entrance and exit wounds were measured, the gross physical characteristics of the damaged organ were noted, and samples were taken for histologic examination.
RESULTS

meters per second -muscle and skin
Sixteen wounds in this velocity group (range 429-533 m/sec) were obtained ( Table I ). The wound tracts were through the thigh muscles and averaged 10 97 cm long from lateral skin entrance to medial skin exit.
The wounds of entry and exit created by the sphere in the skin were 0.60-0.75 cm in diameter. The point of exit was self-closing and, except for hemorrhage, was difficult to find. The margin of the entrance wound was clean-cut, such as one might see with a cutaneous biopsy punch. Histologically, the entrance and exit wounds were very similat. The epidermis was clean-cut with the cormfied layer sometimes slightly extending over the opening. The dermal collagenous fibers, blood vessels, nerves, lymphatics, and glands were grossly torn apart on the immediate edge of the permanent tract; however, individual cellular detail as seen with the light microscope appeared normal. Fat cells in the subcrtane-ns tissue adjacent to the wound tract appeared normal.
The permanent wound tracts through the muscles and related fascia were, in all test subjects, less than 1 cm in diameter and were occluded with bits of macerated tissue and blood clots. Ruptured or broken muscle fibers were confined to 1 cm from the permanent wound tract margin. 
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Ecchymotic hemorrhage was observed 1-2 cm from the permanent wound tract in all test subjects. Petechial hemorrhages occurred 3-10 cm from the permanent tract. Hemorrhage beyond the margin of the permanent tract was due to rupture of small blood vessels. No large vessels away from the margin of the permanent tract had apparent damage.
meters per second -muscle and skin
In the 1000 m/sec velocity category, 17 wounds were created with impact velocity range of 936-1202 m/sec (Table II) . The tracts through the thigh muscles averaged 13.5 cm in length from point of entry to point of exit. The entry wound diameter in the skin was 1-1.5 cm in this group. An occasional laceration of the skin radiating from the margin of the entrance wound occurred in the higher velocities of this group. The exit wound was smaller than the entry wound in all subjects of this group and measured 0.5-0.8 cm in diameter. This velocity caused considerable visible movement of the target in the form of oscillations. High speed photographs of the smface exhibited shock waves extending from the missile's path through the tissues much as a rock dropped into water (Fig. 2,  A and B) .
The permanent wound tract diameter varied in size in a given wound and ranged from 1-2 cm. The permanent tracts were progressively wider as the entry velocity was increased within this group and often measured 2 cm in diameter at the upper levels. Ecchymotic hemorrhages were common 1-3 cm from the permanent tract and smaller focal hemorrhages were more prominent in numbers and distance than in the 500 m/sec velocity group.
Micro^cu^ically, ruptured capillaries were noted 1-3 cm from the permanent missile tract. Large arteries within 1 cm of the margin of the permanent missile tract had a disruption ("sunburst'' effect) of the medial wall and adventitia, but the intimal layer was still intact (Fig. 3) . Broken muscle fibers were seen within 1 cm from the margin of the permanent tract. Often only a few fibers in a given group would be ruptured or broken. A rounded eosinophilic globule (probably sarcoplasm) was noted in some of the broken fibers. 
Fifteen thighs were wounded with velocity ranges of 1231-1427 m/sic (Table III) . The pigs used in this group were somewhat larger than the other groups, with an average tract length of 16.04 cm through the posterior thigh muscle group.
The entry wound was often lacerated, making the overall circumference of the wound significantly larger. Discounting the laceration, however, the diameters were 2-3 cm. The temporary skin wound diameter was considerably larger than seen photographically at lower velocities (Fig. 4, A and B Microscopically, torn or ruptured capillaries were observed 4-6 cm from the margin of the permanent tract in the muscle. Broken muscle fibers were found within 1 cm in all sections and in some sections as far as 3 cm from the margin of the permanent tract. Large arteries within the first centimeter from the permanent tract had disrupted muscular walls and connective tissue adventitia and often had a ruptured or torn intima resulting in hemorrhage. Nerve trunks adjacent to the permanent tract had disrupted sheaths but no broken axons were seen in our sections.
Liver
The entry and exit ninds at velocities above 500 m/sec had tears r "rupture lines" in the tissue radiating out fro' the permanent tract (Fig.  5) . These tears or "n. ture lines" became more extensive as the velocity increased until at 938 m/sec and above the tissue was grossly disrupted in contrast to perforation at lower velocities. Histologie examination of the liver tissues with the light microscope revealed disassociated cytologically normal hepatocytes within the first centimeter adjacent to the missile tract. Liver tissue energy extraction levels were determined (Table IV) .
DISCUSSION
In the skin-muscle-skin study, a relationship was noted between striking velocity-kinetic energy and the extent of damage in the tissue. It can be seen from the data presented that entry wound size, permanent cone diameter, radius of broken fibers and radius of hemorrhage gradually increased with increase in missile velocity (Table V) . Damage to liver tissue was also directly proportional to striking kinetic energy, as expected. Tearing of the tissue and permanent tract width both increased significantly with velocity increase.
Within the scope of (his study, however, we were not able to delineate histologically the extent of the temporary cavity created by transit of the missile. Broken muscle fibers and petechial hemorrhage were the only remote legions noted in the muscle study and these wtre in a somewhat random distribution. In the liver study, there were no significant remote lesions. It is highly conceivable that the increased kinetic energy in the area of the temporary cavity would cause ultrastructural changes in the tissues that would result in loss of cell function and cell death at some protracted period following wounding. In that case, the light microscope is not capable of detecting these changes, and our study of acute effects would preclude discovery of latent events. This observation of microscopic evidence of muscle tissue damage is in agreement with that of Krauss who extended his studies of soft tissue wounding by use of high-speed radiography. By those methods he was able to deduce ratios of temporary to permanent cavity diameter for muscle and liver.
It was theorized that tissues are capable of absorbing a given quantity of energy which is specific for the type of tissue and energy loss per centimeter of tract length seems to be an acceptable parameter for comparison. In our study, liver and skin-muscle-skin wounds gave similar energy losses per cm at comparable striking velocities. This is compatible with the fact that the specific gravity of muscle (specific gravity = 1.02-1. .,.lijini^jmiiu4 U..1. 1 « iii^p^ll,..",niä'«.' : W-'-1 ,,,, '"-'.,-. ^T^TT -^-»-in^iTT Fift. 5. Liver with pcrmaiiciii tract (IT) aiul rajiating tears 01 rupiuri" lines s). The wound was created hy sphere with ,S37. , i nv/sec impact (arrows) velocity 13
